The basal ganglia are a group of deep forebrain nuclei that play an important role in the regulation of motor behaviors and are central to the pathophysiology of many common human movement disorders, including Parkinson's disease and Huntington's disease. Glutamate is the major excitatory neurotransmitter of both afferents to the basal ganglia and connections between basal ganglia nuclei. The corticostriatal pathway is the largest, most extensively studied of the basal ganglia glutamatergic pathways (Kim et al., 1977; McGeer et al., 1977; Young et al., 1981) although both the subthalamic nucleus (STN) and substantia nigra also receive excitatory glutamatergic cortical afferents (Beckstead, 1979; Lee et al., 1988; Canteras et al., 1990; Groenewegen and Berendse, 1990) . Within the basal ganglia, the projections of the STN to the substantia nigra, pallidum, and neostriatum are excitatory and appear to use glutamate as a neurotransmitter Nakanishi et al., 1987; Smith and Parent, 1988; Albin et al., 1989; Groenewegen and Berendse, 1990; Robledo and Feger, 1990; Brotchie and Crossman, 1991; Price et al., 1993) .
The effects of glutamate are mediated through ionotropic receptors, which form ligand-gated ion channels, and metcbotropic receptors (mGluRs). MGluRs are coupled to alterations in CAMP formation Tanabe et al., 1992 Tanabe et al., , 1993 Winder and Conn, 1992; Winder and Conn, 1993) , phosphotidylinositol (PI) turnover (Schoepp et al., 1990; Houamed et al., 1991; Masu et al., 1991; Abe et al., 1992) , activation ofphospholipase D (Boss and Conn, 1992) , and modulation of ion channel activity (see Schoepp and Conn, 1993, for review) . Ionotropic receptors are believed to mediate the majority of conventional fast excitatory transmission in the CNS. Metabotropic receptors have been implicated in the maintenance ofmore long-term processes such as synaptic plasticity and remodeling. This has been demonstrated most clearly in studies of hippocampal function, where mGluRs are thought to have a role in long-term potentiation (Aronica et al., 199 1; Bashir et al., 1993; Bliss and Collingridge, 1993) . MGluRs have also been implicated in synaptic plasticity in the cerebellum (Linden et al., 199 I) and striatum (Calabresi et al., 1992a) .
Several studies have provided evidence for the presence of mGluRs in the basal ganglia. Ligand binding studies have demonstrated two distinct pharmacological types of metabotropic glutamate binding sites with different distributions in the basal ganglia nuclei (Albin et al., 1992; Catania et al., 1993) . Quisqualate, an mGluR agonist, has been shown to stimulate release of inositol phosphates from striatal neurons in culture (Sladeczak et al., 1985 (Sladeczak et al., , 1988 .
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vation in the striatum in culture and in a Xenopus oocyte expression system (Manzoni et al., 1990) . In an in vitro slice preparation, ACPD in low concentrations decreases striatal synaptic potentials mediated by glutamate, while higher concentrations of ACPD elicit excitatory responses (Calabresi et al., 1992b) . In addition to these short-term actions, mGluR activation has also been shown to be necessary for at least one type of plastic response in the striatum, long-term depression (LTD) (Calabresi et al., 1992a) .
Recent molecular studies of mGluRs have revealed a family of at least five receptors, named mGluR I-mGluR5 (Houamed et al., 199 1; Masu et al., 199 1; Abe et al., 1992; Pin et al., 1992; Tanabe et al., 1992) , which can be divided into groups based on their proposed pharmacology and effector systems (Nakanishi, 1992). The group 1 receptors, mGluR1 and mGluR5, increase the metabolism of PI to diacylglycerol, which activates protein kinase C, and inositol triphosphate, which mobilizes calcium (Ca*+ ) from intracellular stores (Houamed et al., 199 1; Masu et al., 199 1; Abe et al., 1992) . MGluRl also stimulates CAMP formation and arachidonic acid release in stably transfected mammalian cells . Quisqualate is the most potent agonist for mGluR1 and mGluR5, followed by glutamate.
ACPD is the least potent mGluR agonist for this group.
The activation of both group 2 and group 3 mGluR receptors inhibits forskolin-stimulated CAMP formation (Tanabe et al., , 1993 , but these receptors differ in pharmacology.
The group 2 receptors, mGluR2 and mGluR3, respond well to glutamate and ACPD, and weakly to quisqualate (Tanabe et al., , 1993 . The most potent agonist for the group 3 receptor, mGluR4, is 2-amino-4-phosphonobutyrate, followed by glutamate (Tanabe et al., 1993) . ACPD and quisqualate are probably weak mGluR4
agonists (Tanabe et al., 1993) . Previous investigations employing Northern blot (Houamed et al., 199 l) , in situ hybridization (Masu et al., 199 1; Shigemoto et al., 1992; Tanabe et al., 1992 Tanabe et al., , 1993 Ohishi et al., 1993) , and immunocytochemistry (Martin et al., 1992; Fotuhi et al., 1993) 
Materials and Methods
Oligodeoxyribonucleotide probes were designed based on five published mGluR cDNA sequences (Houamed et al., 199 1; Masu et al., 1991; Abe et al., 1992; Tanabe et al., 1992) . Probes were targeted to regions where homology between the mGluRs was minimal. For each mGluR, at least two probes complementary to different regions of cDNA were prepared (Table 1 ). All probes for mGluR1 were complementary to regions common to all published splice variants of mGldR1 (Pin ei al., 1992 . A search of the GenBank and EMBL databases using the National center for Biotechnology Information BLAST network service (Altschul et al., 1990) revealed no significant homology of these probes to known sequences other than the intended targets. All probes were synthesized with an Applied Biosystems 392 Synthesizer and purified by electrophoresis using a 12% polyacrylamide/8 M urea nel. Probes were 3' end-labeled with Wa)-dATP (Du Pont-New England Nuclear; specific activity > 1000 &'mM) us&g a Du Pont-New England Nuclear terminal deoxynucleotidyl transferase kit (NEP 100). Labeled probe was separated from the reaction mixture using a molecular sizing column (Stratagene).
All tissue was from adult male Sprague-Dawley rats (Charles River, 200-250 gm) killed by rapid decapitation. Brains were removed, flash frozen in isopentane, and stored at -70°C. Twelve micrometer cryostat sections were mounted on poly-L-lysine slides and stored at -70°C. For in situ hybridization, slides were warmed to room temperature, and then fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (10 min); washed in three changes of 0.1 M phosphate buffer with 0.9% NaCI, pH 7.4 (PBS, 5 min each); acetylated in 0.1 M triethanolamine, pH 8.0, with 0.25% acetic anhydride (10 min); washed in PBS (5 min); and dehydrated through graded ethanol solutions (2 min each). Hybridizatibn was performed in a buffer of 50% formamide, 0.3 M Nadl, 10 mM Tris DH 8.0. 1 mM EDTA DH 8.0. 10% dextran sulfate. 1 x Denhardt's sdlution {0.02% Ficoll, O.b2% poiyvinylpyrolidone, 0.i mg/ ml bovine serum albumin, Sigma), and 100 mM dithiothreitol. Labeled probes were added to a concentration of approximately 30,000 dpm/ ml of hybridization buffer. Sections were incubated in 60-100 ~1 of hybridization solution under glass coverslips at 37°C overnight. Pre-hybridization and hybridization solutions were treated with diethylpirocarbonate.
After-hybridization, coverslips were removed in 2 x SSC (standard saline citrate. 0.15 M NaCl. 0.0 15 M sodium citrate). and slides &re washed in 2 x SSC [20 min, room temperature (RT)], ix SSC (10 min, RT), 0.5 x SSC (10 min, RT), 0.5 x SSC (40 min, 60"(Z), 0.5 x SSC (10 min, RT), rinsed in two changes of 70% ethanol (1 min each), and air dried. Slides were apposed to film (pmax, Amersham) for 4 weeks, and then coated in liquid emulsion (Kodak NTB2 diluted 1:l with deionized distilled water) and stored at 4°C for 3 months, developed, and counterstained with thionin. Specificity of hybridization was examined by adding a 25-fold excess of unlabeled probe to the hybridization solution.
Quantitative image analysis was performed using a computer-assisted image analysis system (Imaging Research, Inc., St. Catharines's, Ontario). Serially adjacent sets of sections from six animals were used for quantitative analysis. All sections for a given probe were processed in a single experiment. For analysis of regions on film autoradiograms, absolute optical density (AOD) for each region was defined as the average AOD over the entire region minus the background AOD of the film outside of the sections. AOD readings from at least three sections per animal were averaged. Averages from two to six animals for a given probe were.used to obtain a single mean and standard error value per region and were included in one-way repeated measures ANOVA analyses by region with post hoc pairwise comparisons, with a significance level of 99%.
Emulsion-dipped sections were examined using both bright-field and dark-field optics. Qualitative levels of labeling over cells in all regions were assessed in comparison to the brain region with the strongest labeling for that probe. Cells that exhibited signal greater than five times background were considered labeled. Quantitative analysis of cellular labeling was used to study the complex patterns of labeling found in the neostriatum. Neurons in the dorsolateral striatum were visualized under bright-field illumination using a 100x water immersion lens. Neurons were identified by their size and visible cytoplasm as revealed by thionin stain. The image analysis system was used to define the borders of each neuron, and enumerate the silver grains overlying the cell. For each neuron, both the total number of grains and the area of the neuronal profile were measured. These data were used to calculate the number of grains per 1000 Km' of neuronal area.
Results

Specificity of probes
Probes to each of the five mGluRs produced unique patterns of hybridization in the rat brain ( Fig. 1 ). Two probes were tested for each mGluR, complementary to different regions ofthe same cDNA (Table 1) . In each case, both members of the pair produced identical patterns of hybridization when tested on adjacent pairs of sections from at least two animals.
The probe for each mGluR that gave the highest signal and lowest background levels in the comparison experiments was selected for subsequent detailed analyses (Table 1 ). For each of the probes, 25-fold excess cold probe added to the hybridization buffer abolished all signal on slides otherwise processed identically to experimental sections.
mGluR1
Several basal ganglia structures exhibited moderate labeling on film autoradiograms with an mGluR1 probe, and all other basal ganglia nuclei exhibited levels of signal significantly greater than white matter regions (Figs. lA, 2). A low level of signal was observed in the striatum.
Increasing amounts of expression were observed in the globus pallidus (GP), ventral pallidum (VP), entopeduncular nucleus (EPN) and olfactory tubercle (OT), subthalamic nucleus (STN), and the substantia nigra pars compacta (SNc). The overall intensity of labeling in the substantia nigra pars reticulata (SNr) was lower than that in the SNc, and comparable to that of the striatum.
Microscopic examination of the emulsion-dipped, thionincounterstained sections showed that nearly all striatal and nucleus accumbens neurons exhibited a low but detectable level of signal (Fig. 3A) . A small number of large polygonal neurons were observed in the striatum, none of which appeared to be labeled. Quantitative analysis of the striatal labeling confirmed the visual impression of a low uniform level of expression of mGluR1 in striatal neurons (Fig. 5 ). In the GP and VP, about 50% of neurons were moderately labeled, while the remainder had no detectable signal (Fig. 4A ). EPN neurons were uniformly labeled. There were moderately high grain densities over all SNr neurons and moderate levels over all SNc neurons (Fig. 4C) . The difference between the relative labeling observed on emulsion versus on film autoradiograms for these two structures reflects their difference in neuronal density, with the loosely packed SNr having higher numbers of grains per neuron but lower film signal, and the tightly packed SNc having lower grain densities and high film signal.
Outside the basal ganglia, the ventrolateral and ventromedial nuclei of the thalamus (VWVM) were moderately labeled, while the reticular nucleus of the thalamus showed no detectable signal. The Purkinje cell layer of the cerebellum gave the highest signal of all areas measured, reflecting strong labeling of all Purkinje cells, while the granule cell layer showed moderate signal, with low labeling in the molecular layer. In the hippocampus, the CA3 area and the dentate gyrus labeled more strongly than CA 1.
mGluR2
MGluR2
was not expressed at levels detectable on film autoradiograms in most basal ganglia structures. Only the STN exhibited a moderate degree of labeling (Figs. lB, 2). Microscopic examination confirmed the presence of moderately intense, homogeneous labeling of the neurons of this structure. Within the striatum, most neurons were not labeled; however, careful inspection revealed a small number of neurons, constituting l-2% ofthe total population, which were moderately labeled (Figs.
3B, 5). The majority of these were large and polygonal in shape.
This observation was reflected in the quantitative analysis results: the neurons in the top percentile with regard to intensity of labeling (grains per neuronal area) had a mean area of 378 * 73 pm' (mean ? SEM, n = 6), which was more than twice that of the mean area of the striatal population as a whole, 170 f 90 krn'(n = 600) (p = 0.0001, Mann-Whitney nonparametric test). A similar small population of labeled neurons was observed in the nucleus accumbens, but these neurons were not as morphologically distinctive as those in the striatum. Neuronal labeling was not detected in the EPN, GP, VP, OT, SNc, or SNr.
Outside the basal ganglia, the area of strongest mGluR2 signal was the dentate gyrus of the hippocampus.
Other areas of the hippocampus were not labeled. Another area of high signal was the granule cell layer of the cerebellum. Unlike mGluR1, the film autoradiograms of mGluR2 had a punctate pattern of labeling in the cerebellar cortex. Examination of emulsion-dipped slides revealed that this labeling was concentrated over Golgi cells. Distinct layers of the neocortex expressed mGluR2, but because of the sharply laminated organization, the average optical density reading of the cortex was low. On emulsion-dipped slides, the densest cerebral cortical labeling was seen in layer IV granule cells, which were moderately labeled. Pyramidal cells in layers III and V were also labeled. , mGluR3 (C), mGluR4 (II). and mGluR5 (E). dcc. nucleus accumbens; gp, globus pallidus; of, olfactory tubercle; SIX, substantia nigra pars compacta: .SW. substantia nigra pars reticulata; stn, subthalamic nucleus; str, striatum; VP, ventral pallidurn.
rnGluK3
In contrast to all of the other mGluRs, mGluR3 expression was observed In glia as well as neurons. This was manifest on film autoradiograms as labeling of white matter regions (Fig. IC) . and on emulsion-dipped slides as labeling of both neuronal and gllal profiles (Figs. 3C. 4B,D) . In the basal ganglia, the GP, VP. and EPN contalned labeling only over presumed glial profiles. The strlatum and nucleus accumbens were particularly strongly labeled on film autoradlograms (Figs. 1C. 2). On cmulsiondipped slldes, the neurons in these regions were uniformly and moderately labeled (Fig. 3C') , with the cxceptlon of a small number of large polygonal neurons, which were unlabeled. Quantitative analysis of the neuronal labeling In the striatum confirmed the visual impression of moderate homogeneous labeling of most neurons (Fig. 5) . In addition to the neuronal labeling, there were numerous small. darkly stained nuclear profiles with scant cytoplasm.
taken to be glial, some ofwhich were strongly labeled (Fig. 3C) . Neurons in the anterodorsal part of the SNr were labeled. while those in the more ventral part and the SNc neurons were not (Fig. 41) ). In the STN. most of the signal lay over presumed glial profiles. but a low lcvcl of neuronal labeling was also present. The GP, VP, and EPN were labeled on lilm autoradiograms well above background, but appeared less densely labeled than surrounding white matter. Neurons in thcsc nuclei were not dctcctably labeled on emulsiondipped slides (Fig. 4R) . although labeled glia wcrc present in each of these structures.
Outside the basal ganglia, the area of highest mGluR3 signal was the reticular nucleus of the thalamus (Figs cells had particularly high levels of labeling, and layer III pyramidal cells were also labeled. In the cerebellum, signal varied in the different layers. Moderately low labeling of the molecular cell layer reflected strong labeling of scattered stellate and basket cells. Golgi cells were also moderately labeled.
mGluR4
MGluR4 was not abundant in the basal ganglia. On film autoradiograms, labeling was seen in low but detectable levels in the striatum, nucleus accumbens, and OT (Figs. lD, 2 ). Other basal ganglia structures gave no detectable signal. Examination of emulsion-dipped sections revealed very light labeling of SNc neurons and equivocal signal in SNr neurons. In contrast to mGluR 1 and -3, the distribution of labeling in striatal neurons appeared heterogeneous, with many neurons labeled at a low level, some moderately labeled neurons, and some unlabeled neurons present (Fig. 30) . A small number of large polygonal neurons were observed, all of which appeared unlabeled. Quantitative analysis of the striatal labeling suggested that mGluR4 expression levels vary in striatal neurons, but distinct populations could not be resolved (Fig. 5) .
Outside of the basal ganglia, mGluR4 displayed sharply differential patterns of expression (Figs. lD, 2) . The neocortex had a laminar distribution of labeling that, as for mGluR2, gave a low average film signal. On emulsion-dipped slides, layers III, IV, and V were moderately densely labeled. The VWVM area of the thalamus gave moderately high signal, while the reticular nucleus of the thalamus showed no labeling. There was only low labeling in the hippocampus, but there was very strong mGluR4 signal in the granule cell layer of the cerebellum. Examination of emulsion-dipped sections revealed that the cerebellar signal was largely confined to the cells of the granular layer and not detectable in Purkinje cells. mGluR5 On film autoradiograms, the striatum, nucleus accumbens and OT exhibited high levels of mGluR5 expression (Figs. lE, 2) . The STN was moderately labeled. The VP signal was slightly higher than that of the GP or the EPN. Both the SNc and SNr were detectably labeled. On microscopic examination, mGluR5 signal, like mGluR4, appeared heterogeneous in the striatum and nucleus accumbens, with both labeled and unlabeled neurons present. Labeled and unlabeled neurons were often observed in clusters with others of similar type (Fig. 3E,F) . Quantitative analysis revealed that about three-quarters of the dorsolateral striatal neurons were strongly labeled while the remaining 25% had few or no overlying grains (Fig. 5) . The few large polygonal neurons which were observed were also unlabeled (Fig. 3E) . To investigate further the apparent clustering of labeled and unlabeled neurons, in situ hybridization for mGluR5 was performed in coronally cut adult rat brain sections with serially adjacent sections processed for )H-naloxone binding by the method of Abou-Khalil et al. (1984) to define striosome and matrix compartments. No simple relationship between neurons labeled with probes for mGluR5 and the compartments defined by 3H-naloxone binding was observed, and clusters of labeled and unlabeled neurons were present in both compartments. In the GP and VP, less than 50% ofneurons exhibited moderately low labeling, while the remainder were unlabeled. In the SNr, greater than 50% of neurons were moderately labeled with the rest unlabeled, while SNc neurons exhibited uniform very low signal. EPN neurons were all moderately labeled.
Outside of the basal ganglia, mGluR5 showed strong labeling in the granular and pyramidal regions of the hippocampus, and moderate labeling in all layers of the neocortex (Figs. lE, 2) . In the cerebellum, film autoradiograms revealed hybridization signal in the deep cerebellar nuclei, but not in any layer of the cerebellar cortex. On emulsion, low labeling of some Golgi cells was detected.
Discussion
Using oligodeoxyribonucleotide probes for in situ hybridization, we have observed differential expression of the genes encoding five mGluRs both within the structures of the basal ganglia and in other regions of the rat brain (Figs. 1, 2) . The reproducibility of the observed patterns of labeling, the comparable patterns of expression observed with probes to different regions of the same although it is not informative with regard to cross-hybridization. The results we have obtained are in general similar to those obtained by others employing Northern analysis (Houamed et al., 199 1; Abe et al., 1992; Condorelii et al., 1992; Tanabe et al., , 1993 , immunohistochemistry (Martin et al., 1992) , and in situ hybridization (Masu et al., 199 1; Abe et al., 1992; Shigemoto et al., 1992; Tanabe et al., 1992 Tanabe et al., , 1993 Ohishi et al., 1993) . Ours is the first systematic study of all five cloned mGluRs using specific oligonucleotide probes. Previous in situ hybridization studies have employed riboprobes for single mGluRs, which may be more sensitive but less specific than oligonucleotide probes when used to distinguish among the members of a highly homologous gene family (Lewis and Baldino, 1990) . In addition, our study provides quantitative data on the regional and cellular expression of mGluRs within the basal ganglia, which allows direct comparison with previous studies employing ligand binding techniques, and provides additional information on the cellular organization of mGluR expression within the basal ganglia, particularly the unanticipated complexity of mGluR expression within the neostriatum (Figs. 3, 5) .
We have found that in situ hybridization with oligonucleotide probes using the methods described produces highly reproducible results. In sections hybridized in a single experiment, the variability in the intensity of labeling as measured by film autoradiography of a given region both between sections from the same animal and between sections from different animals is quite small (Fig. 2) . In our experience, the variability between mGluR5 experiments is somewhat larger, probably because of differences in the specific activity of the probe, but is still on the order of 10% or less. Previous studies have established that the optical density of film autoradiograms is an accurate reflection of the density of the radioactive label when 35S is employed (Miller, 199 1) . Thus, the quantitative optical density data we have obtained is likely to be a fairly accurate reflection of the relative distribution of mRNA for the individual mGluRs within the brain. Similarly, the density of grains present on an autoradiographic emulsion is well correlated with the density of radioactive labeling, although some variation between slides and even within some regions of the same slide may occur because of local variation in the thickness of the emulsion (Young and Kuhar, 1986) .
Comparison of the hybridization signal produced by different probes in the same region of the brain is more problematic, because the signals may be affected by not only the specific activity of the probes, but also the relative preservation of the different mRNAs during the procedure, and efficiency of hybridization of each probe to its target. In the case of mGluR2-mGluR5 (Abe et al., 1992; Tanabe et al., 1992 Tanabe et al., , 1993 , regional Northern analysis has been performed, and in general supports the distribution and relative intensity of expression of messages seen in this study. Similar comparative studies of other genes expressed in the brain using in situ hybridization and Northern analysis have also demonstrated a close correlation between the results obtained with these two techniques (Sokoloff et al., 1990 ; Figure 5 . Frequency distributions of cellular labeling intensity of dorsolatera1 striatal neurons. In all cases abscissa indicates grains per 1000 Mm', in bins of tens, and ordinate indicates number of striatal neurons per bin, as shown on the lower left. Numbers within the mGluR2 graph indicate number of neurons in a given bin. For each probe, 200 neurons in the dorsolateral striatum were analyzed on each ofthree slides taken from two or three different animals, for a total of 600 neurons per probe. The intensities of labeling of mGluR1 and mGluR3 appear distributed around the mean; the probe for mGluR3 labeled striatal neurons more strongly than did the probe for mGluR 1. The probe for mGluR2 produced no grains over the vast majority of neuronal profiles, although a few neurons with 50-100 overlying grains per 1000 pm* were observed. The probe for mGluR4 produced a broad distribution of intensity, with a large number of neurons having only a few overlying grains. No distinct populations were resolved. In the case of mGluR5, a bimodal distribution of labeling intensity was observed, reflecting the presence of labeled and unlabeled populations of neurons (Fig. 3&F) . Moriyoshi et al., 1991) ; however, Northern analysis does not allow a high degree of anatomical localization, and does not entirely circumvent concerns about differential preservation of mRNA and efficiency of hybridization. We have made every effort to ensure comparability of the signals obtained with our probes, including the use of probes of similar size and composition and hybridization under identical conditions on serially adjacent sections, but still some caution must be employed in the comparison of signals produced by dissimilar probes, and the signals cannot be taken as a strict reflection of the underlying mRNA copy number. With this in mind, it should be noted that in general, the intensity oflabeling produced by these probes for the mGluRs is lower than the signal we have obtained with probes for other neurotransmitter receptors, such as the NMDA receptor (Standaert et al., 1994 ), possibly reflecting a lower level of mRNA expression for the mGluRs.
A4GluR expression in the basal ganglia The striatum and nucleus accumbens exhibit the most complex pattern of mGluR expression. MGluRS and mGluR4 have inhomogeneous patterns of striatal expression, mGluR1 and mGluR3 are expressed homogeneously, and mGluR2 is absent from all but a very small number of striatal neurons. Probes for mGluR5 produce strong neuronal labeling in the striatum and nucleus accumbens relative to the rest of the brain, and label these regions more intensely than the other mGluR probes examined. Distinct populations of both strongly labeled and un-labeled neurons organized into clusters were evident by visual inspection (Fig. 3E,F) . This impression of distinct populations was supported by the bimodal intensity of cellular labeling revealed by quantitative analysis (Fig. 5) . A heterogeneous pattern of expression was also observed in these nuclei for mGluR4 (Fig. 30) . While many neurons appeared unlabeled with probes for mGluR4 (Fig. .5) , the spatial clustering characteristic of mGluR5 was not evident. MGluR 1 and mGluR3 expression by striatal and nucleus accumbens neurons was detectable at homogeneously low (Figs. 3A, 5) and moderate (Figs. 3C, 5 ) levels, respectively. MGluR2 did not label the majority of striatal or nucleus accumbens neurons, but did label a morphologically distinct class of large polygonal striatal neurons (Fig. 3B) , comprising l-2% of the total striatal population (Fig. 5) . These neurons were identifiable in sections hybridized with probes to the other four mGluRs but were never observed to be labeled with these probes. It seems likely that these distinctive cells correspond to cholinergic interneurons (Phelps et al., 1985; Phelps and Vaughn, 1986) .
Although probes for both mGluR5 and mGluR4 appear to label distinct populations of striatal neurons, it is not clear whether these populations correspond to any of the previously recognized compartments of the striatum. One striatal compartment, the striosome, makes up about 10% of the striatum, and can be distinguished from the surrounding matrix by histochemical, immunocytochemical, and ligand binding techniques (for reviews, see Graybiel, 1990; Gerfen, 1992) . Matrix and striosome divisions can be visualized at the level of film autoradiograms. We compared mGluR5 in situ hybridization on film and emulsion-dipped slides with )H-naloxone binding in serially adjacent coronal sections and observed labeled cell clusters in both striosome and matrix areas; therefore, mGluR5 expression is probably not a simple reflection of the matrix versus striosome compartments. MGluR4 striatal labeling also does not exhibit striosome and matrix boundaries on film, and on microscopic examination does not appear clustered like mGluR5. Another type of striatal compartment is defined by the efferent projections of the striatal neurons, predominantly to the GP and SNr. These different sets of projection neurons can be visualized with tracing studies or by examination of the specific neuropeptides colocalized with GABA in these neurons: enkephalin is most dense in GP afferents, while substance P is predominantly localized to neurons projecting to SNr (for review, see Gerfen, 1992) . It is possible that double label in situ or tract tracing studies could reveal that the expression of mGluR4 or mGluR5 is segregated among these pathways. Alternatively, mGluR5 expression may be related to previously described morphological aggregates of striatal neurons (Paskevich et al., 1991) .
We found that in the pallidum, mGluR1 and -5 are the predominant subtypes expressed, with mGluR3 also present in glia and some SNr neurons. MGluRl and mGluR5 are both present in the VP, GP, EPN, and SNr, with higher film autoradiogram signal in the VP than the GP. While both mGluR1 and mGluR5 signals in these structures are low compared to other brain regions, mGluR1 expression in all pallidal structures is comparable to or greater than its expression in the striatum, while mGluR5 pallidal labeling is much lower than its striatal signal. On a cellular level, mGluR1 and -5 are both uniformly expressed in all EPN neurons, but only in a subset of neurons in the GP and VP. MGluRl is observed in about half of the GP and VP neurons (Fig. 4A) , with mGluR5 seen in fewer than 50%. MGluR3 is expressed only in glia in these three nuclei (Fig. 4B) . In the SNr, probes for mGluR1 label all neurons moderately densely, but mGluR5 probes label only somewhat more than 50% of SNr neurons, leaving others unlabeled. Probes for mGluR3 label neurons in the anterodorsal area of the SNr only while neurons in the more caudal areas are unlabeled. MGluR2 and mGluR4 are not detectable in any of these four nuclei.
The SNc expresses moderate levels of mGluR 1 (Fig. 4C ) and low levels of mGluR5. The mGluR1 labeling in the SNc is the highest level of mGluR1 film signal in the basal ganglia nuclei and higher than the neuronal mGluR 1 signal in the striatum or nucleus accumbens, although it is still much less intense than the Purkinje cells of the cerebellum (Fig. 2) . MGluR5 SNc labeling is low compared to that of the striatum and STN. In addition, weak mGluR4 signal could be detected in SNc neurons. MGluR3 was expressed only in glia in the SNc (Fig. 30 ) and mGluR2 expression was not detected.
The STN is unique among the basal ganglia in that neurons in this structure express readily detectable levels of mGluR2 (Figs. lB, 2 ). In addition, moderate levels of mGluR1 and mGluR5 are present, with a low amount of mGluR3 neuronal signal and high mGluR3 glial expression.
Relationship of metabotropic l&and binding sites to patterns of gene expression Autoradiographic ligand binding techniques have been used to study the organization of metabotropic binding sites in the basal ganglia. Two sites have been resolved by these methods: a 3H-glutamate site displaced by 2.5 pM quisqualate in the presence of D,L-Lu-amino-3-hydroxy-5-methymethyl-4-isoxazole-4-propionic acid (AMPA) and NMDA (met 1) (Cha et al., 1990 ) and a second site that cannot be displaced by NMDA, kainate, or 2.5 PM quisqualate (NNKQ) (Greenamyre et al., 1990) . Recent studies have found that the majority of NNKQ binding can be displaced by the specific mGluR agonist lS,3R-ACPD (ACPD) but not by the lR,3S isomer. This suggests that the majority of NNKQ binding represents a second type of metabotropic receptor ligand site (met2) (Catania et al., 1993) .
The pharmacological profile of the met 1 site, which has a high affinity for quisqualate and lower affinity for ACPD, matches that of the group 1 receptors, mGluR1 and mGluR5 (Masu et al., 1991; Nakanishi, 1992) . The pattern of group 1 receptor gene expression we report is also similar to the previously observed distribution of met 1 binding in the basal ganglia (Cha et al., 1990; Albin et al., 1992) . Met 1 binding is high in all areas of the striatum. We observed that mGluR5 is strongly expressed in the striatum, though mGluR 1 is present only at modest levels. There is moderate met 1 binding in the VP and STN, moderately low binding in substantia nigra, and low binding in GP and EPN. Both mGluR 1 and mGluR5 are moderately expressed in the STN. Both genes are expressed at higher levels in VP than GP, and both are expressed in the substantia nigra at levels comparable to STN and VP, with mGluR1 relatively more prominent in these nuclei.
NNKQ binding represents glutamate binding sites with low affinity for quisqualate. Like the met1 site, NNKQ binding is also enriched in the striatum (Albin et al., 1992) . The majority of this striatal NNKQ binding can be displaced by ACPD (Catania et al., 1993) ; thus, the pharmacological properties of these striatal sites resemble those of the group 2 receptors, mGluR2 and mGluR3 (Tanabe et al., , 1993 . We have observed moderately abundant mGluR3 expression by both neurons and glia in the striatum. MGluR3 may account for a proportion of the striatal NNKQ binding; however, the level of total (neurons and glia) mGluR3 striatal film signal is comparable to that of the GP, while the level of NNKQ binding in the striatum is nearly twofold that in the GP, suggesting that intrinsic mGluR3 alone does not fully account for NNKQ binding in the striatum. MGluR2 is only expressed in a very small number of striatal neurons, and thus intrinsic striatal mGluR2 expression seems unlikely to make a major contribution to striatal NNKQ binding. Although mGluR4 is expressed in striatal neurons, the pharmacology of this receptor differs from the group 2 receptors in that it has a low affinity for ACPD and is insensitive to quisqualate (Nakanishi, 1992) . Therefore, mGluR4 is unlikely to be responsible for a large fraction ofstriatal NNKQ binding, though it could account for the small portion of NNKQ binding that cannot be displaced by ACPD.
Outside of the striatum, there is also a disparity between the distribution of NNKQ binding (Albin et al., 1992) and the expression of mGluR2-mGluR4.
There is moderate NNKQ binding in the GP, VP, and substantia nigra, all areas in which we observed little or no neuronal mGluR2, -3, or -4 expression. It is possible that glial mGluR3 receptors may account for some of the NNKQ binding in these structures. NNKQ binding is low in STN, where mGluR2 signal is moderate, higher than in any other basal ganglia structure.
One explanation for the apparent discordance of ligand binding sites and mGluR gene expression in the basal ganglia is the potential presynaptic localization of mGluRs. For example, NNKQ (met2) binding is high in the striatum despite relatively low striatal expression of group 2 transcripts. High mGluR3 signal was observed in cortex, particularly layer V pyramidal cells, which provide a major glutamatergic input to the striatum. Presynaptic mGluR3 receptors on these corticostriatal afferents could account for some NNKQ striatal binding. Similarly, mGluR2 expression is observed at low levels in cortical pyramidal cells, and presynaptic mGluR2 receptors could also be present on corticostriatal terminals (Ohishi et al., 1993) . MGluR2 was also observed at moderate levels in the STN, where NNKQ binding is low, but was virtually absent in STN projection targets where NNKQ binding is moderate (pallidal and nigral nuclei) or high (striatum). Presynaptic mGluR2 receptors on STN terminals may also account in part for NNKQ binding in the substantia nigra, GP, and VP and could contribute to striatal NNKQ binding.
A presynaptic location has been demonstrated for mGluR1, which has been shown by immunohistochemistry to be present in presynaptic terminals in the striatum (Fotuhi et al., 1993) . Our data suggest that one potential source of these mGluRlcontaining afferents are the dopaminergic projections ofthe SNc. Such a location could account for the ability of glutamate to enhance dopamine release in striatal slices (Giorguieff et al., 1977) and in vivo (Cheramy et al., 1986 ).
An alternative explanation for the differences between ligand binding and in situ hybridization distributions is that the ligand sites represent a composite of known and as yet unidentified sites. Two additional types of mGluRs, a retinal form (Nakanishi, 1992 ) and a subtype predominantly located in olfactory bulb (Saugstad et al., 1992) have been described in preliminary reports. Other members of this receptor family may be found in the future.
Pharmacological agents specific for the individual mGluRs will be necessary to correlate binding data accurately with specific mGluR protein distributions. Shinozaki and colleagues have recently synthesized conformationally restricted glycine compounds, eight stereoisomers of a-(carboxycyclopropyl)glycine (CCG), which exhibit different affinities for specific glutamate receptors (Ohfune et al., 1993) . Two of these compounds, L-CCG-I and L-CCG-II, are selective agonists for metabotropic receptors (Ishida et al., 1990 ) with L-CCG-I being much more potent at mGluR2 than at mGluR 1 or mGluR4 receptors (Hayashi et al., 1992) . Compounds such as these will allow better investigation of the relationship between the distributions of ligand binding subtypes and in situ hybridization distributions of specific mGluRs.
Functions of metabotropic receptors in the basal ganglia Metabotropic receptors have been implicated in several behavioral functions mediated by the basal ganglia. Unilateral injection of the mGluR agonist ACPD into the striatum of rats induces contralateral rotational behavior (Sacaan et al., 1991 . The behavior begins 1 hr postinjection, reaches a plateau at 3-6 hr, and ends by 24 hr. The effect is specific to the striatum: injection of ACPD into the GP instead of the striatum produces much less rotational behavior (Sacaan et al., 199 1 ). An intact dopaminergic system is required for this behavioral effect and levels of dopamine metabolites in the striatum increase with turning behavior, which suggest that increased dopamine release occurs. The location and type of metabotropic receptor or receptors that mediate this effect are unknown. It is possible that ACPD acts directly on a presynaptic mGluR on striatal dopaminergic terminals to increase dopamine release and subsequent dopamine receptor activation. We have postulated such a location for mGluR 1, discussed above; however, Sacaan and colleagues did not observe any increase in dopamine release by ACPD from striatal slices in vitro, and ACPD is a relatively poor agonist for mGluR 1. Alternatively, this effect could be mediated indirectly, by postsynaptic striatal mGluRs such as mGluR5 or mGluR3, or by other potential presynaptic mGluRs such as mGluR2 or -3 on corticostriatal terminals (mGluR4 receptors, which may exist at both these locations, do not respond to ACPD).
Interaction of the metabotropic and dopaminergic systems in the striatum has also been demonstrated at the synaptic level. LTD can be produced in striatal neurons by tetanic stimulation of corticostriatal fibers in a slice preparation (Calabresi et al., 1992a) . A lasting depression of synaptic potentials is observed only with postsynaptic depolarization and action potentials during tetanus, and activation of both D, and D, dopamine receptors is required. Striatal LTD is blocked by the mGluR antagonist 2-amino-3-phosphonopropionate (AP3), but not 2-amino-%phosphonovalerate, an NMDA receptor antagonist, or bicuculline, a GABA, receptor antagonist. In the cerebellum (Ito et al., 1982) it has been shown that a postsynaptic mGluR is required for LTD at the parallel fiber-Purkinje cell synapse (Kano and Kato, 1987; Linden et al., 199 1) . Growing evidence, including physiological (Linden et al., 199 l) , in situ hybridization , and immunohistochemistry (Martin et al., 1992; Fotuhi et al., 1993) indicates that mGluR1 mediates this effect in the cerebellum. We have found that mGluR 1 is expressed in all striatal neurons, and could mediate striatal LTD through a postsynaptic receptor similar to cerebellar LTD.
MGluRs may also play a role in the response of striatal neurons to injury. Striatal excitotoxic lesions produced by iono-tropic glutamate receptor agonists can be attenuated by prior decortication Coyle, 1978, 1979) . In a recent study (Beal et al., 1993) , toxicity of NMDA after decortication was restored by coinjections of ACPD, which is not toxic alone in normal or decorticated animals (Sacaan et al., 1991; Schoepp et al., 1992) . Coinjection of AP3, a specific metabotropic antagonist, with ionotropic agonists in naive animals attenuates lesions in a dose-dependent manner. These results support a permissive or enhancing role for metabotropic receptors in striatal excitotoxicity (Aleppo et al., 1992; McDonald and Schoepp, 1992; . ACPD has also been shown to attenuate NMDA toxicity in cortical cultures (Koh et al., 199 1 a) , though ACPD does not affect kainate or AMPA toxicity or produce any toxic effects alone in this in vitro system (Koh et al., 199 1 b) . Excitotoxicity is thought to require increased Ca2+ mobilization (Choi and Rothman, 1990) ; thus, the most likely mGluRs involved in this process are the presumed postsynaptic PI-linked group 1 receptors, mGluR1 and mGluR5. Our results suggest that mGluR5 is very abundant in the striatum and, thus, seems likely to play a role in the enhancing mechanism of striatal injury. Whether metabotropic receptors also have a neuroprotective role in the adult striatum is unknown.
Clinical implications
Use of glutamatergic agents in the therapy of human disease has been proposed, but practical application of this proposal is hindered both by the abundance of glutamate receptors in all areas of the brain, including the basal ganglia, and the relative nonselectivity of available agents (Klockgether and Turski, 1989; Greenamyre and O'Brien, 1991) . Identification of the unique distributions of specific glutamate receptors points to promising avenues of drug development.
For example, we have observed that mGluR1 alone is relatively abundantly expressed by the dopaminergic neurons ofthe SNc, suggesting that agents specific for mGluR 1 receptors could be useful for regulating the function of this important structure. MGluRS and mGluR4 exhibit selective expression in subpopulations of striatal neurons, suggesting that agonists specific for these receptors may have important effects on motor regulation.
Among the basal ganglia structures, mGluR2 is particularly prominent in the STN. In an earlier study we found that this structure also expresses a distinct subtype of the NMDARl glutamate receptor (Standaert et al., 1994) . The STN has a potentially important role in the clinical syndrome of Parkinson's disease (Albin et al., 1989) , and drug treatment targeting the STN or even surgical ablation of this nucleus has been proposed as therapy for Parkinson's disease (Bergman et al., 1990 ). Antagonists of mGluR2 may provide a pharmacological means of selectively altering the function of the STN.
